We propose a planar THz hybrid bulk Dirac semimetal (BDS)-metal metamaterial which consists of a hybrid BDS-metal array on a dielectric layer and a back metallic mirror. The simulation results show that a spectral window that possesses high reflectance with no polarization conversion effect arises in the polarization conversion pass band due to the existence of the BDS rods. Interestingly, though the proposed structure possesses no symmetry property, the effects are nearly the same for x-and y-polarization incidences. We analyze the electric field distributions at the breaking frequency and attribute the phenomena to plasmonic analogue of electromagnetically induced reflectance (EIR-like) effect for x-polarization incidence and direct back scattering for y-polarization incidence. The dependence of the breaking window on the BDS rod length shows that, for both x-and y-polarization incidences, the breaking characteristic is mainly determined by the dipole resonance on the BDS rod. Moreover, the breaking window can be independently and dynamically manipulated by changing the Fermi energy of the BDS rods. Our results may provide potential applications in designing new polarization control devices.
Introduction
Metamaterial, the artificially constructed structure, has been widely studied in the function of negative refraction index [1] - [3] , perfect lens [4] and invisible cloaks [5] . With special design of the meta-atoms, metamaterial can find its application in many fields such as sensing and beam manipulation [6] - [11] . Polarization conversion, the effect of conversion between two orthogonal polarization states, is also popular in metamaterial investigation. Lots of planar metamaterials have been reported to achieve polarization conversion effect in microwave [12] - [14] , THz [15] , [16] and optical [17] , [18] regime, which provide a new method in controlling electromagnetic waves in ultrathin devices.
Electromagnetically induced transparency (EIT), a quantum interference effect, is always introduced in metamaterial design to achieve EIT-like effect [19] , [20] for transmission mode and EIR-like effect [21] for reflection mode. In EIT-like or EIR-like effect, dark mode is designed to couple with bright mode, leading a destructive interference between the bright mode and dark mode. The EIT-like effect has also been introduced to a chiral metamaterial [22] to break the asymmetric transmission in a narrow pass band, which provides a new way in manipulation light propagation. However, the resonant antenna is made of metal and cannot be dynamically controlled.
Graphene, a two-dimensional carbon material, has been widely employed to configure polarization conversion metamaterials [23] - [30] due to its excellent ability of dynamically controlling the Fermi energy. Bulk Dirac semimetal (BDS), the material performs like the "three-dimensional (3D) graphene", has been introduced in metamaterial design [31] - [34] . The BDS-metal hybrid metamaterial has also been reported in [35] . The BDS possesses all the advantages of graphene as a photosensitive material. Most importantly, like graphene, the conductivity of BDS can also be tuned by the method of changing its Fermi energy via alkaline surface doping [36] , [37] , which can be achieved by in situ evaporating K-atom onto the fabricated structure surface using an alkaline metal doser. Thus introducing extra electron carriers into the system to raise the Fermi energy. As a bulk material, BDS possesses the advantages of easier for processing, more stable and easier for coupling with incident light.
In this paper, we numerically investigate the polarization insensitive tunable breaking window in the polarization conversion pass band of a planar terahertz hybrid BDS-metal metamaterial, by using the finite-difference time-domain (FDTD) method. The proposed metamaterial consists of a hybrid BDS-metal array on a dielectric layer and a back metallic mirror. We first calculated the scattering matrix coefficients of the whole structure, the sole gold rectangle and the sole BDS rod respectively. We found that, for both x-and y-polarization incidences, a spectral window that possesses high reflectance with no polarization conversion effect arises in the broad polarization conversion pass band due to the existence of BDS rod. Then we analyze the working mechanisms of the breaking windows by presenting the corresponding electric field distributions at the breaking frequency and get the conclusion that the breaking effects are mainly resulted from the EIR-like effect and direct back scattering effect induced by the BDS rods for x-and y-polarization incidences, respectively. Then we present the dependence of the breaking window on the BDS rod length to further validate the impact of the BDS rod to the breaking window. Finally, we investigate the polarization conversion effect for different Fermi energies of BDS rod, the breaking window can be manipulated by changing the Fermi energy of the BDS rods without changing the background polarization conversion pass band. Different from our former work [22] that applies EIT-like effect to break the optical chirality of asymmetric transmission, this work is oriented for THz reflection polarization conversion with the breaking window being controlled at will, which opens a new route in controlling THz waves. Fig. 1 illustrates the unit cell of the proposed metamaterial, which is a sandwich structure composed of a BDS rod and a gold rectangle on a dielectric layer supported by a gold film. The BDS rod antenna is parallel to the y axis and the gold rectangle antenna is orientated 45 • along the x direction as shown in Fig. 1(a) . The thickness of the top antennas, the dielectric layer and the bottom gold mirror are set as t a = 0.2 μm, t p = 10 μm and t m = 2 μm, respectively. The other parameters in Fig. 1(a) are p x = p y = 90 μm, a = 40 μm, b = 30 μm, l = 26 μm w = 10 μm and d = 45 μm. In the design, gold is modeled as a lossy metal with a conductivity of σ = 4 × 10 7 S/m [38] . The dielectric spacer is selected as polymer due to its low loss and stable refractive index of about 1.53 in THz region
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Dual-Polarization, Tunable Breaking Window [39]. The BDS is characterized by the dynamic conductivity, which can be expressed as [31] 
where G (E ) = n(−E ) − n(E ), and n(E ) is the Fermi distribution function, E F is the Fermi energy, 
, and g is the degeneracy factor. The dynamic conductivities of the BDS at applied Fermi energies is shown in Fig. 2 . By using the two-band model and taking into account the interband electronic transitions, the permittivity of BDS can be described as ε = ε b + i σ/ωε 0 [40] , with ε 0 being the vacuum permittivity, ε b = 1 and g = 40 (AlCuFe quasicrytals).
For numerical investigation, we use finite-difference time-domain (FDTD) method to calculate the reflection and plasmonic mode distributions. In the simulations, periodic boundary conditions are applied in x and y directions, and PML absorbing boundary condition is applied in both the z direction. The minimum mesh along the x, y and z are respectively set as 1, 1 and 0.06 μm. For theoretical analysis, the polarization characteristic of reflected wave can be expressed by the 2 × 2 scattering matrix [28] 
which gives the relation of the complex amplitudes between the incident field and the reflected field. The indices x and y correspond to the linear polarization states of the reflected and incident waves. The polarization conversion efficiency of a metamaterials can be evaluated by the factor called polarization conversion ratio (PCR), which can be defined as
for x-and y-polarization incidences, respectively.
Results and Discussion
We assume the initial Fermi energy of BDS is 75 meV. For x-polarization incidence, the moduli of the scattering matrix components of the proposed structure are shown in Fig. 3(a) . We can observe that two broad bands of near unity cross-polarization reflection coefficient |R yx | can be achieved, which indicates a high efficiency of polarization conversion. Then the co-polarization reflection coefficient |R xx | is near zero in the two pass bands. It should be noticed that the cross-polarization reflection coefficient |R yx | performs a sharp drop to a near zero value at the frequency of about 2.2 THz while the co-polarization reflection coefficient |R xx | increases sharply to near unity, which means that there is no polarization conversion effect exists and the x-polarized incident wave is directly reflected back by the structure at the frequency of about 2.2 THz. The PCR and unwrapped phase shift are shown in Fig. 3(b) , from which we can observe that two bands around 2.1 THz and 2.45 THz that perform half-wave plate are achieved. The PCR drop sharply to near zero and the phase experiences continuous steep change around the frequency of about 2.2 THz as shown in Fig. 3(b) . Interestingly, for y-polarization incidence, all effects are nearly the same as shown in Fig. 3 (c) and (d) though the proposed structure possesses no symmetry property. In addition, for other polarization angles, the results are quite different. Therefore, the polarization conversion effect is only for dual-polarization incidences, i.e., x-and y-polarization incidences. As a comparison, we also present the polarization conversion characteristic of the structure without BDS rods. Due to its symmetry property, the structure performs the same for x-and ypolarization incidences. As shown in Fig. 3(e ) and (f), similar to the works reported in [27] - [30] , a broad pass band that exhibiting strong polarization conversion effect is acquired, which is due to the superposition of two resonant modes (not shown here). We can also observe that there is no sharp decrease or increase in the reflection coefficients in Fig. 3 (e) and no breaking window in the PCR spectrum in Fig. 3(f) . Therefore, due to the existence of the BDS rods in our proposed metamaterial, the polarization conversion effects for both x-and y-polarization incidence are broken in a narrow spectral window around the frequency of 2.2 THz. In addition, we also show in Fig. 3(g) and (h) the reflection coefficients and PCR of the metamaterial with BDS rod only, from which we can see that a resonance dip can be excited at about 2.2 THz when illuminated with y-polarized wave, and no polarization conversion effect can be achieved. In order to reveal the physical mechanism of the breaking effects, we present and analyze the electric field distributions of the structures at the frequency of 2.2 THz. Fig. 4(b) and (e) show the z component electric field distributions of the structure without BDS rod for x-and ypolarization incidences respectively, from which we can see that dipole resonances are excited with the dipole moment direction deviating from the polarization direction. Thus, it is mainly the deviation of the dipole moment direction to the incident polarization direction that results in the polarization conversion effect. Fig. 4(c) and (f) show the z component electric field distributions of the structure with sole BDS rod for x-and y-polarization incidences respectively, where only the dipole resonance along y-direction is excited for y-polarization incidence. Then we analyze the electric field distribution in the breaking window of our proposed structure. For x-polarization incidence, the z component electric field distribution at the breaking frequency of 2.2 THz is shown in Fig. 4(a) . From Fig. 4(a) we can observe that the dipole mode on the gold rectangle antenna is no longer along the original direction as that in Fig. 4(b) , and another dipole resonance is excited on the BDS rod. The two dipole resonances are characterized by antisymmetric charge oscillations as shown by the charge distribution of Fig. 4(a) , which is similar to the quadrupole mode. We attribute this phenomenon to the EIR-like effect. The rectangle gold antenna is strongly coupled to incident wave and serves as the bright mode like that in Fig. 4(b) . Due to close proximity, the BDS rod antenna is coupled with the rectangle gold antenna, resulting in a quadrupole resonance, and the quadrupole resonance serves as the dark mode. The bright-dark mode coupling leads to the EIR-like effect [21] , which suppresses the bright mode that support polarization conversion effect and results in the high reflectance without polarization conversion.
For y-polarization incidence, the z component electric field distribution at the breaking frequency of 2.2 THz is shown in Fig. 4(c) . From Fig. 4 (c) we can observe that there is no electric field distribution on the rectangle gold antenna, and a strong dipole resonance is excited on the BDS rod. The dipole moment of the BDS rod is parallel to the polarization direction of incident wave which induces no polarization conversion effect. The dipole resonance on the BDS rod is so strong that it induces the antisymmetric charge oscillations on the rectangular antenna, which suppresses the original oscillation of the rectangular antenna directly excited by the incident wave. The energy is mainly stored around the BDS rod, and being directly reflected back. Thus, a high reflectance without polarization conversion can also be acquired for y-polarization incidence.
To further investigate the impact of introducing BDS rod to the polarization conversion effect, we show the PCR spectra with different BDS rod lengths in Fig. 5 . The PCR with different BDS rod lengths for x-and y-polarization incidences are shown in Fig. 5(a) and (b), respectively. When the BDS rod length increases from 22 μm to 30 μm, the breaking window undergoes a red shift within the broad PCR pass band due to the red shift of the dipole resonance of the BDS rod, and the phenomena are nearly the same for x-and y-polarization incidences. In addition, we also show the PCR spectra for x-and y-polarization incidences with other lengths of BDS rod in Fig. 5(c) and (d). We can see that a much shorter or longer BDS rod will result in the breaking window shifting out of the polarization conversion pass band with the polarization conversion effect nearly unchanged. Therefore, for both x-and y-polarization incidences, it is the dipole resonance of the BDS rod antenna that determines the breaking characteristics. The optical properties of BDS can be modulated since the conductivity of the material can be changed by varying the Fermi energy via alkaline surface doping [36] , [37] . The electron density in BDS is changed when changing the Fermi energy, resulting in the shift of the resonant frequency. Fig. 6(a) and (b) show the dependence of PCR spectrum on the Fermi energy of BDS rod for x-and y-polarization incidences, respectively. We can observe that the breaking window in PCR spectrum undergoes a blue shift when the Fermi energy increase from 70 meV to 80 meV with little influence on the background profiles of the broad polarization conversion pass band. Therefore, the breaking window can be dynamically and independently manipulated by changing the Fermi energy of BDS rods in the proposed metamaterial.
Conclusion
In summary, a planar THz hybrid BDS-metal metamaterial is proposed which possesses a tunable polarization insensitive breaking window in its polarization conversion pass band for both x-and y-polarization incidences. When the BDS rods are removed, the structure possesses a broad band polarization conversion effect. When the BDS rods are added, a breaking window with high reflectance and no polarization conversion effect is generated. This phenomena are caused by the EIR-like effect and direct back scattering effect for x-and y-polarization incidences, respectively. The breaking characteristic is mainly determined by the dipole resonance on the BDS rod for both x-and y-polarization incidences. The breaking can be dynamically and independently modulated by changing the Fermi energy of BDS rod. Our findings are beneficial in developing new devices of polarization control.
